DAG, diacylglycerol; FA, fatty acid or fatty acyl; HF, high fat; MAG, monoacylglycerol; MDMS-SL, multi-dimensional mass spectrometry-based shotgun lipidomics; m:n, acyl chain containing m carbon atoms and n double bonds; MS, mass spectrometric or mass spectrometry; NLS, neutral loss scans or scanning; PA, phosphatidic acid; PC, phosphatidylcholine; PI, phosphatidylinositol; PI(4,5)P 2 , phosphatidylinositol-4,5-diphosphates; PLC, phospholipase C; TAG, triacylglycerol. 
Triglycerides are an important class of lipids which largely exist as triacylglycerol (TAG) species, although a small amount of ether-linked triglyceride species are also present in biological systems (1) . The main biological role of TAG species is to serve as energy storage depots. As metabolic syndrome becomes increasingly prevalent, the excess levels of TAG mass that manifest in the organs have been frequently blamed as a causal factor of pathophysiological complications associated with those organs (2) . The term of "lipotoxicity" has been generally used to describe this epidemiological phenomenon (3, 4) . Numerous technologies and animal models have been created and applied in order to study the biochemical mechanism(s) underpinning lipotoxicity (4) (5) (6) (7) (8) (9) .
The demand for systematic identification and quantification of global cellular lipids for the aforementioned purpose has greatly facilitated the rapid spread of lipidomics research in recent years (10) (11) (12) . Although extensive utilization of bioinformatics and computational algorithms for accurate identification and quantification of individual lipid molecular species and classes (13) (14) (15) (16) (17) is still a key node in lipidomics, the most challenge of bioinformatics for lipidomics research currently is the interpretation of alterations in biological functions resulting in adaptive or pathological changes in lipid metabolism and/or homeostasis (18) . biosynthesis and thus reveal their association with lipotoxicity under pathophysiological conditions. The development of such an approach would significantly advance the practical usage of the platform for investigating the association of altered TAG mass with any (patho)physiological changes.
Recently, we have successfully developed dynamic simulation approaches for understanding the remodeling processes of cardiolipin, phosphatidylcholine (PC), and phosphatidylethanolamine species (20, 21) based on the known biological pathways and MDMS-SL-derived data. The parameters derived from the simulation can be used to assess the enzymatic activities that meditate the extent of remodeling of those lipid classes. Herein, we developed a novel simulation approach following a similar reasoning in order to determine the contributions of individual TAG biosynthesis pathways to TAG pools, thereby recapitulating the enzymatic activities involved in TAG biosynthesis. Moreover, the compositions of individual TAG species including all isomeric and isobaric ones were automatically determined from the simulation. The accuracy of this simulation approach was validated by comparisons of a variety of fatty acyl (FA) profiles derived from simulation to those acquired from neutral loss scans (NLS) of the corresponding FAs from TAG species as previously described (22) as well as by direct product ion analysis of individual TAG ions. In this study, we applied this novel approach to determine the differential contributions of different biosynthesis pathways to the TAG pools present in mouse heart, liver, and skeletal muscle, and dissect alterations in the biosynthesis of mouse liver TAG species induced by feeding with a high fat (HF) diet. We believe that development of this bioinformatic approach for simulation of TAG ion profiles will not only allow us to determine alterations in TAG biosynthesis in health and disease, but will also greatly facilitate a better understanding of the molecular mechanism(s) underpinning lipotoxicity. 
Animal studies and tissue collection
The protocols for animal experiments were conducted in accordance with the National animals were euthanized by asphyxiation with CO 2 . Tissue samples including heart, liver, and skeletal muscle were immediately harvested, perfused with ice-cold, diluted (10x) PBS, blotted with Kim-wipe, and freeze-clamped at the temperature of liquid nitrogen. The tissue wafers were pulverized into a fine powder with a stainless-steel mortar and pestle and stored at -80 o C for lipid analysis.
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Lipids were extracted from mouse tissue powders by a modified Bligh and Dyer method as previously described (23) . Internal standards for quantification of individual molecular species of lipid classes were added prior to lipid extraction (23) . MDMS-SL analyses were performed with a QqQ mass spectrometer (Thermo Fisher Scientific TSQ Vantage, San Jose, CA) equipped with an automated nanospray device (Triversa Nanomate, Advion Biosciences, Ithaca, NY) and operated with Xcalibur software as previously described (24, 25) . Identification and quantification of lipid molecular species were performed using an automated software program as previously described (15) . Lipid extraction for acyl-CoA analysis, and identification and quantification of acyl-CoA species by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry were performed as we previously described (20) . The results were included in Table S1 for comparison.
Tandem MS analyses of TAG lithium adducts in the product ion mode were performed by using a Q-Exactive mass spectrometer (Thermo Fisher Scientific, San Jose, CA) equipped with an automated nanospray apparatus (Advion Bioscience, Ithaca, NY). The NanoMate apparatus was controlled by Chipsoft 8.3.1 software. An ionization voltage of 1.20 kV and a gas pressure of 2.00 psi were employed for the MS analyses. All mass spectra were recorded under Xcalibur 2.2.48 software with an AGC value of 1 × 10 6 in the full MS mode for up to 120 ms, in which the mass resolution of the analyzer was set at 140,000 (m/Δm, fwhm at m/z 400), and the product ion spectra were performed with higher-energy collisional dissociation (HCD) at 30.0 eV and gas pressure of 1 mT.
Model for simulation of TAG ion profiles
To quantitatively describe the TAG biosynthesis process, we developed an algorithm which simulated the ion profiles of TAG species determined by MDMS-SL. The simulation was Therefore, PLC hydrolysis of PI(4,5)P 2 may result in a larger amount of DAG mass than that yielded from PI hydrolysis. However, the DAG species from PI(4,5)P 2 largely serve as signaling molecules instead of TAG synthesis. Moreover, since the DAG composition rsulting from PI(4,5)P 2 species is generally similar to that from PI species, the contribution of PI(4,5)P 2 hydrolysis pathway to TAG synthesis can be covered by the representation of PI-DAG pathway.
In our simulation, we assumed that the cellular acyl-CoA profile was similar to the FA composition of the individual TAG pool. This assumption was validated by measurement of acyl-CoA profiles of mouse heart, liver, and skeletal muscle (Table S1 ). Therefore, each of the TAG ion profiles was simulated with one of three weighting parameters of K 1 , K 2 , and K 3 , which were iterated utilizing PA composition, FA composition of TAG species, and PI composition (all of which were derived from MDMS-SL analysis), respectively, (see below). These K parameters represented the relative contributions of the different DAG pools resulting from the PA, MAG, and PI pathways to TAG synthesis.
In each of the reacylation steps as indicated (Figure 1 ), the corresponding acyltransferase acylated a hydroxy group of glycerol at positions 1, 2, and 3 to yield MAG, DAG, and TAG, respectively, with fatty acyl-CoA based on the FA composition derived from TAG pools. We introduced a parameter of k s (s = 1, 2, and 3) at each step in the form of exp(-k 1 .x j ), exp(k 2 .x j ), or exp(-k 3 .x j ), respectively, where both k 1 and k 3 represented simulated decay constants whereas k 2 represented a simulated enhancing constant, and x j is the number of double bonds present in the j'th FA chain. The parameters and their formats represented the selectivity of FA chains by the corresponding acyltransferase to reflect the fact that saturated FAs are enriched at the sn-1 and 3
positions whereas unsaturated FAs are largely acylated to the sn-2 position (28). Therefore, the levels of individual TAG species resulting from the PA-DAG pathway were calculated as:
and the TAG pool resulting from the PA-DAG pathway was calculated as:
where (PA) i and (FA) j are the compositions of the i'th PA species and of the j'th FA, respectively. Similarly, the TAG pools resulting from MAG-DAG and PI-DAG pathways were also calculated as:
and
respectively. Therefore, the normalized levels of individual TAG pools resulting from the PA-DAG, MAG-DAG, and PI-DAG pathways were calculated as:
respectively, Thus, the normalized total TAG level of an organ was the sum of individal TAG pools as:
with the restraint:
Accordingly, the levels of individual TAG ions including all isobaric and isomeric species were the sum of the levels of all individual TAG species with identical nominal mass.
The criterion for our simulation was to achieve a TAG ion profile that maximized the linear correlation coefficient in comparison to that determined experimentally.
Finally, the level of a fatty acyl of a TAG ion was calculated first by summing the levels of all TAG species carrying the fatty acyl and then dividing by 3. A factor of 2 or 3 was multiplied if a TAG species contained two or three of an identical fatty acyl.
Validation of the simulated TAG ion profiles
The accuracy of the simulated TAG ion profiles (thereby supporting the rationale of the hypothesized model used for simulation) was not only determined with a good linear correlation coefficient as aforementioned, but also could strictly be validated by two approaches. It was demonstrated that determination of individual TAG species including isobaric and isomeric ones by MDMS-SL was achieved by using the cross peaks of a TAG ion with those of NLS of all potentially-existing FA chains present in TAG species (22) . These cross peaks in twodimensional mass spectrometry represent the fragment ions of the precursor TAG ion (see Results section). Therefore, good matches between the FA compositional profiles extracted from the simulation as described above and those acquired from MDMS-SL analysis provided a critical validation of our simulation approach, the hypothesized model, as well as the determined TAG species. Accordingly, validation was performed through examination of the linear correlation coefficients of the simulated individual FA profiles with the corresponding ones determined by NLS.
Alternatively, the FA profile of an individual TAG ion could also be directly examined by tandem mass spectrometric analysis of the TAG ion of interest in the product ion mode.
However, it should be noticed that this latter approach has a few limitations including (1) limited dynamic range, therefore the existence of very low abundance FAs is unable to be detected and the FA profiles of low abundance TAG ions are hard to be validated; (2) not quantitative if without correction for differential fragmentation; and (3) complicated with the presence of other frangments such as those resulted from neutral losses of lithium fatty carboxylates.
Miscellaneous
Protein concentration was determined utilizing a bicinchoninic acid protein assay kit (Pierce, Rockford, IL) using bovine serum albumin as a standard. All data were presented as the means ± SD of at least three separate animals. Statistical significance was determined by a twotailed student t-test in comparisons to control, where *p < 0.05 and **p < 0.01.
RESULTS

Representative simulation of TAG ion profiles present in mouse heart, liver, and skeletal muscle
To exemplify the performance of simulation algorithm with the hypothesized model (Figure 1 ), we analyzed the mass content of individual lipid species of PA, PI, and TAG classes from mouse heart, liver, and skeletal muscle by MDMS-SL (Table S1 ). The composition of FAs present in TAG pools of these organs was also derived from the levels of TAG species (Table S1 ). By finely iterating the parameters of K 1 , K 2 , and K 3 with a step size of 0.001, as well as the parameters of k 1 , k 2 , and k 3 with a step size of 0.01, a correlation coefficient (γ) of better than (e.g., skeletal muscle and heart) or close to (e.g., liver) 0.95 between the simulated and MSdetermined TAG ion profiles was obtained (Table 1) . Simulated TAG ion profiles were well matched to those experimentally determined utilizing the hypothetical model and lipidomics data with the indicated parameters ( Figure 2 ).
These results indicate that the MAG-DAG pathway (i.e., K 2 ) is the sole or major synthesis pathway contributing to the TAG pool present in mouse skeletal muscle or heart, respectively, while both MAG-DAG and PA-DAG (i.e., K 1 ) pathways equally contribute to the TAG pool present in mouse liver (Table 1) . Moreover, the contribution of the PI hydrolysis pathway (i.e., K 3 ) to those TAG pools might be negligible. The simulation results further indicate that the degree of selective reacylation with DGAT activity (i.e., k 3 ) during TAG synthesis in all three examined organs was negligible, whereas considerable selectivity of other reacylation steps (i.e., k 1 and k 2 ) were exhibited in mouse liver ( Table 1) .
Validation of the simulation approach for determination of TAG ion profiles
As each individual TAG ion represents a combination of numerous isomeric and isobaric TAG species, a good match between the simulated and experimentally-determined TAG ion profiles is a necessary condition for simulation, but does not sufficiently guarantee that the levels of all those isomeric and isobaric species of an individual TAG ion also match accurately.
Therefore, these simulated TAG species must be validated by an independent method. In an alternative approach, the presence of the simulated FAs of a particular TAG ion could be validated by product ion analysis of this TAG ion. For example, the product ion mass spectrum of the TAG ion at m/z 863.7 present in mouse liver lipid extracts displayed numerous fragment ions corresponding to neutral losses of FAs or lithium fatty carboxylates (Inset of Figure 5A ), as well as fatty acylium ions ( Figure 5 ). The presence of the simulated FAs in the product ion mass spectrum further validated the simulation ( Figure 5B ).
Determination of isomeric and isobaric TAG species from simulation
At the current stage of development of lipidomics, it is difficult, although not impossible and other low abundance species were manually identified with these criteria as previously described (22 In our simulation, the probable prevalence of each individual isomeric and isobaric species was calculated from each TAG biosynthesis pathway, whereas the sum of these isomeric and isobaric species was used to compare the intensity of a corresponding TAG ion determined by MDMS-SL. Therefore, development of this simulation algorithm automatically projected the content of individual isomeric and isobaric species of each detected TAG ion. Accordingly, 919, 1795, and 823 TAG species were readily projected in this study from the simulation of TAG ion profiles of mouse skeletal muscle, heart, and liver, respectively. Clearly, the numbers of these simulated TAG species were much larger than those manually determined (22, 32). As an example, a list of the identified and quantified TAG species from the simulation of mouse myocardial TAG profiles was given (Table S3) .
It should be emphasized that the simulation approach only determined the composition of individual TAG species. However, the mass levels of individual simulated TAG species may be readily calculated from the total TAG mass levels determined by MDMS-SL if necessary.
Determination of the altered mouse liver TAG biosynthesis after feeding with a HF diet
It is well known that after feeding with a HF diet, the uptake and storage of fat increase in liver (33) . We speculated that our simulation should be able to recapitulate alterations in contributions of the different TAG synthesis pathways to liver TAG pool after HF diet feeding.
To test this hypothesis, we treated mice with a HF diet for a short period (4 weeks) and determined the content and composition of TAG species present in the liver by MDMS-SL. We found that liver TAG content only slightly increased (from 442.65 ± 48.97 nmol/mg protein when mice were fed with a standard chow to 473.57 ± 42.94 nmol/mg protein with a HF diet).
However, the composition of FA chains was significantly changed in different directions ( Table   2 ). The composition of FA chains corresponding to those endogenously synthesized (e.g., 14:1, 16:1, and 18:1) was significantly reduced whereas the composition of essential FAs representing uptake and storage (e.g., 18:2, 20:4, 22:3, 22:4, 22:5, and 22:6) significantly increased ( Table 2) .
These results indicate the reduction of de novo FA synthesis.
When we simulated the TAG ion profiles of liver extracts of mice fed with a HF diet, we found that the contribution of MAG-DAG pathway (i.e., K 2 ) to the liver TAG pool increased approximately 10% (i.e., from 0.507 ± 0.031 with a standard chow to 0.554 ± 0.030 with a HF diet, p < 0.05), whereas the reacylation selectivity is virtually identical (i.e., k 1 , from 0.47 ± 0.15 to 0.49 ± 0.04; k 2 , from 0.23 ± 0.08 to 0.20 ± 0.01; no change with k 3 ) between the conditions. These findings, in combination with the reduction of de novo FA synthesis, indicate that mechanisms to deposit excess energy into the TAG pool through uptake of FAs dominate in mouse liver after feeding with a HF diet. This result is consistent with those of previous observations (33) .
DISCUSSION
In the current study, we developed and validated a novel approach for the simulation of the synthesis of TAG species and determined the contributions of individual biosynthesis pathways to the TAG pool using lipidomics data. The work was significant on two levels. First, to the best of our knowledge, this was the first study to substantiate the contributions of individual TAG biosynthesis pathways to TAG pools, as well as the first to assess substrate selectivity in TAG biosynthesis by using a bioinformatics approach. Second, with the simulation, (Table 1) . If desired, the correlation coefficient could be further improved with two additions. First, hydrolysis of other classes of phospholipids (particularly, PC) through PLC could be included to the simulation model ( Figure   1 ). Although we believe that the contribution of this pathway to a TAG pool should be relatively small, it could serve as a fine tune step for simulation and would introduce the ether-linked species from the PC pool to the TAG pool, the presence of which was previously demonstrated (1) . Second, addition of NLS of FAs containing odd-numbered carbon atoms in MDMS-SL analysis should lead to better simulation of low abundance TAG species containing such FAs, as this would allow for the simulation of the TAG ions containing those FA(s).
It should be explicitly stated that the simulation model was simplified in at least two aspects. We assumed the existence of reacylation selectivity. In biological systems, this selectivity could result from the remodeling of TAG species after synthesis through the selective activity of one or more particular lipases. Moreover, the MAG species could be derived from multiple sources, including dephosphorylation of lysophosphatidic acid and TAG/DAG hydrolysis with lipase activities (26) in addition to possible direct acylation of glycerol (27).
A huge number of TAG species, the majority of which were of low or very low abundance, were obtained from simulation (e.g., Table S3 ). The presence of such a huge number of TAG species might be physiologically correct, but is very difficult to be validated experimentally due to technological limitations. Rather, the question is whether it is meaningful to have such a number of species in biological systems. Although we cannot exclude the possibility that the metabolite(s) of these low abundance TAG species play an important role in biological functions, we believe that these species are largely the resultant products of nonselective TAG biosynthesis.
In summary, we developed and validated a novel bioinformatic approach for simulation of TAG ion profiles, which allowed us to mathematically analyze biosynthesis pathways through the interpretation of lipidomics data. We assessed the contributions of different biosynthesis pathways to TAG pools in mouse heart, liver, and skeletal muscle and examined changes to these pathways in mouse liver induced following treatment with a HF diet. It was proven that bioinformatic simulation provides a powerful vehicle to determine altered TAG biosynthesis pathways under pathophysiological conditions. We believe that this type of assessment could provide deep insights into the biochemical mechanisms underpinning the TAG accumulation that is characteristic throughout the development of obesity and lipotoxicity.
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